Abstract-A new four-port scattering parameter ( -parameter) and broad-band noise deembedding methodology is presented. This deembedding technique considers distributed on-wafer parasitics in the millimeter-wave band ( 30 GHz). The procedure is based on simple analytical calculations and requires no equivalent circuit modeling or electromagnetic simulations. Detailed four-port system analysis and deembedding expressions are derived. Comparisons between this new method and the industry-standard "open-short" method were made using measured and simulated data on state-of-the-art SiGe HBTs with a maximum cutoff frequency of approximately 180 GHz. The comparison demonstrates that better accuracy is achieved using this new four-port method. Based on a combination of measurements and HP-ADS simulations, we also show that this new technique can be used to accurately extract the -parameters and broad-band noise characteristics to frequencies above 100 GHz.
I. INTRODUCTION
T HE accuracy of high-frequency characterization of state-of-the-art SiGe HBTs is important in both device modeling and circuit design. For accurate evaluation of the high-frequency characteristics, extraction of the transistor -parameters and broad-band noise characteristics at very high frequencies is typically required. As the operating frequency increases into the microwave range, the on-wafer parasitic effects can become significant in such measurements, requiring robust calibration techniques in order to accurately deembed the parasitics from the transistor response. The standard "open" deembedding method was first proposed in 1987 [1] and employs a technique in which the pad capacitance is accounted for and calibrated by using an "OPEN" test structure (i.e., no transistor). Several other deembedding methods were subsequently proposed, and which use additional test structures (including the "SHORT" and "THROUGH," etc.) to calibrate both the pad and interconnect parasitics in the device-under-test (DUT) [2] , [3] .
The current industry paradigm is the so-called "open-short" standard [3] . However, since this approach assumes lumpedcomponent approximations, it begins to lose accuracy as the frequency increases above approximately 30 GHz. For more robust -parameter extraction, several high-frequency deembedding techniques have been recently proposed [6] , [7] . These methods either use equivalent two-port analysis (with cascade, series, or parallel structures) or complicated equivalent circuit models, which simplify the parasitics under suitable approximations (e.g., the cascade structure neglects the parasitic feedback from the output to input).
To generalize the problem and avoid the potential inaccuracy caused by the above assumptions or simplifications, a four-port system calibration methodology was introduced by Rizzoli et al. for noise analysis [8] . As shown in [8] and [9] , any twoport measurement can be modeled as a four-port system, which captures all of the parasitics surrounding the intrinsic device (Fig. 1) . Once the 4 4 matrix of the system is solved, the intrinsic -parameters can be accurately extracted. However, the 4 4 matrix was solved either using equivalent-circuit [8] , [9] or electrical magnetic (EM) simulations, together with additional calibration [10] . Clearly, the accuracy of such methods depends on the validity of the lumped or distributive model.
In this paper, we present a set of test structures that efficiently determine the -parameters of the four-port parasitic network without requiring any equivalent-circuit assumptions or EM simulations. Thus, this deembedding methodology considers all parasitics in a general manner, making it suitable for very high-frequency measurements and package parasitic decoupling. We apply this deembedding methodology to the characterization of state-of-the-art SiGe HBTs.
II. FOUR-PORT PARASITIC DEEMBEDDING THEORY

A. -Parameters
As shown in Fig. 1 , the parasitics are modeled as a four-port system. The I-V relationships of the extrinsic and intrinsic ports can be written as a 4 4 -matrix according to (1) In some circumstances, can be (i.e., there is a short between various ports). In this case, let be very large to avoid any singularities.
Let and be the extrinsic voltage and current vectors, and and be the intrinsic voltage and current vectors [10] and Thus, we have [8] (
where , , , and are four 2 2 matrices. Hence, the extrinsic -parameters and the intrinsic device -parameters can then be related as where are the intrinsic device -parameters and are the two-port -parameters of the DUT.
Note that the current directions of the intrinsic device are opposite to the current directions of the parasitics. One thus obtains Once the 16 variables of the 4 4 matrix are known, one can build the appropriate one-to-one relationship between the extrinsic and intrinsic -parameters. The next step is to measure design test structures for determining the four-port parameters. Since for each test structure one can measure a 2 2 -parameter matrix, one obtains four equations in each ac measurement. To solve for all 16 variables, one needs to measure at least four different test structures, unless approximations are made.
The industry-standard "open-short" deembedding method only uses two test structures: an open and a short, together with an equivalent-circuit model. Fig. 2 shows the equivalent-circuit model of this traditional "open-short" deembedding method.
One can see that the distributed parasitics are simplified into one parallel capacitor at the extrinsic end and two series inductors between the extrinsic and intrinsic ends. The intrinsic device -parameters can thus be calculated by (5) where , , , and are the -parameters of the DUT, intrinsic device, open structure, and short structure, respectively. Using this method on a four-port system, one gets for the short structure and for the open structure. Applying these two boundary conditions to (2), one obtains
Putting the above equations to (5), after simplification, yields Without loss of generality, can be any matrix and, thus, the equalities above hold when (6) Equation (6) gives the condition (assumption) for when the "open-short" approach is valid. At high frequencies (e.g., GHz), however, this assumption is clearly no longer valid because the distributed nature of the parasitics must be considered. is the equivalent noise current at port i.
B. Noise Deembedding Theory
To simplify the deembedding procedure and apply it to broadband noise extraction, we use the noise current correlation matrix to represent a generalized noisy system. Fig. 3 shows the equivalent circuit of the noise current model for an -port system [11] , [12] . The correlation matrix can be written as
where , is the noise current source at port . In a two-port system, the minimum noise figure , noise impedance , and optimum noise admittance can be directly converted into the noise current correlation matrix (see Appendix A).
Once we obtain the 4 4 -matrix, the noise deembedding method is thus straightforward [9] . Fig. 4 shows the equivalent circuit of the noise model of the DUT. For accurately modeling the four-port parasitic noise behavior, four noise current sources and the 4 4 noise current correlation matrix are used. The noise current sources and the correlation matrix can be written as where , , and are the noise current correlation between ports and . For brevity, and are also written as Real where and are extrinsic and intrinsic noise current sources, respectively. , and i are noise current sources at ports 1-4, respectively, and i and i are the noise current sources of the intrinsic two-port system.
The four-port I-V relation of the DUT, considering noise currents, can then be written as (7) One can thus calculate the intrinsic noise correlation matrix as (see Appendix B) (8) where .
III. TEST STRUCTURES AND DEEMBEDDING METHODOLOGY
To obtain the values of the 16 elements in the 4 4 matrix, a direct approach is to use more test structures to obtain more boundary conditions. Referring to (3), one obtains the matrix of using , where are the measured -parameters and are the intrinsic -parameters of the test structures. One can obtain various by carefully choosing different testing structures and then linearly expanding the measured matrices. In this method, we are attempting to obtain matrices in the form of where , , and are constants. Thus, and can be calculated using (9) (10) (11) where and are scale factors and will be determined below.
To obtain the matrices discussed above, five test structures are needed. Fig. 5 One can prove (see Appendix C) that by solving for , , and in the following:
and choosing the solution , , and . Taking (9)-(11) into (4), one gets Substituting for using , one gets
where . Thus . Finding the product of and is sufficient to deembed the -parameters, but is not sufficient in order to deembed the noise correlation matrix. Rather, one needs to obtain the value of and , respectively. To determine these values, one must use the general nature of the passive system Real Real Real Real and, hence, . At this point, all 16 elements of the 4 4 matrix are determined. The intrinsic -parameters and broad-band noise characteristics can thus be obtained using (4) and (8).
IV. NONIDEALITIES AND VALIDITY CHECK
In reality, test structures can never be perfectly ideal. It is thus necessary to check the validity of the proposed deembedding methodology using nonideal test structures. The assumptions made in this method are that (12)-(15) and hold. Since one solution of , , and should be one, one can check the validity of the first four equations by solving , , and from the measured data. One cannot check the validity of the last equation, however, by simply manipulating the measured data.
In the current SiGe HBT technology, the intrinsic device layout size is smaller than a few tens of micrometers, although the DUT size (including pads, etc.) is several hundreds of micrometers and, thus, the assumptions are valid in the millimeterwave band with optimized layout design. In higher frequency measurements (i.e., GHz), if one can accurately estimate the nonideal intrinsic -parameters of the test structures, the methodology will remain useful with a few modifications in the extraction equations.
V. SUMMARY OF THE PROPOSED DEEMBEDDING PROCEDURE 1) Measure the -parameters of , , , , , and . Convert the -parameters into -parameters. 2) Solve for , , and in the following:
Choose the solution , , and . 3) Let and obtain unscaled , , and by using (9)-(11). 4) Calculate the scale factor using (19). 5) Calculate the intrinsic -parameters using (4). 6) Calculate the intrinsic noise correlation matrix using (8).
VI. MEASUREMENT AND VERIFICATION
To compare the various deembedding methods, the -parameters of state-of-the-art 0.12 2.5 m SiGe HBTs were measured (Fig. 6) .
The peak of these SiGe HBTs is 180 GHz for a V. The measurements were performed using a conventional microwave probing system and an HP 8510C vector network analyzer over a frequency range of 4-36 GHz. Fig. 7 compares the measured and "open-short" deembedded -parameters. Note that, for a better comparison, we have plotted and instead of and . Observe that a large deviation is seen between the raw and deembedded data. This is because the parasitics are comparable to the intrinsic device -parameters in these small-sized devices. A more sophisticated deembedding method is clearly required for accurate characterization of such high-speed devices.
To fully verify the accuracy of the proposed new four-port deembedding methodology at high frequencies, and to make a fair comparison with other deembedding techniques, one must resort to device simulations because the (implicitly accurate) simulated intrinsic device -parameters are needed to quantify accuracy of the various deembedding methods.
Several equivalent circuits were chosen to determine how a given parasitic model impacts the various deembedding methods. Fig. 8 shows three equivalent circuits of the parasitics. The component values in each circuit were extracted and optimized from the measured -parameters of parasitics. A device model carefully calibrated to measured data was used in HP-ADS to simulate the -parameters of the SiGe HBTs both with and without the parasitics. The simulated frequency range was 1-100 GHz. Fig. 9 shows the deembedded -parameters after applying both the "open-short" and the new four-port method on each parasitic model.
For equivalent-circuit model 1, the intrinsic -parameters are accurately deembedded using both the four-port and "open-short" method. For equivalent-circuit models 2 and 3, however, observe that the "open-short" method produces large deviations from the intrinsic -parameters at frequencies above approximately 30 GHz. This clearly demonstrates the potential inaccuracy of the traditional "open-short" method at high frequencies. Observe as well that the accuracy of the new four-port method is not dependent on the choice of the equivalent circuit or the frequency.
Without loss of generality, we can arbitrarily choose the fourport -parameters as a parasitic system in Fig. 10 and then extract the -parameters using the proposed four-port method. Fig. 11 shows the simulated intrinsic and four-port deembedded -parameters. Excellent agreement is observed across the entire frequency range. In general, the current method is valid for any four-port parasitic system and, thus, should also be suitable for package deembedding, where wire-bonds, for instance, must be carefully considered.
The noise characteristics were also simulated and compared in HP-ADS on the same device. Fig. 12 shows the noise characteristics of DUT, both intrinsic and deembedded, using both the traditional "open-short" and the new four-port method. The results again show good precision using the four-port method. For the "open-short" technique, and are deembedded correctly for a wider frequency range (up to 60 GHz). Note, however, that is underestimated at frequencies above approximately 30 GHz. Hence for an accurate noise characterization of SiGe HBTs at high frequencies, the new four-port deembedding methodology is also preferred.
VII. SUMMARY
We have proposed a new four-port -parameter and broadband noise deembedding methodology that is useful for highfrequency characterization transistors. The method requires no equivalent-circuit modeling or detailed EM simulations. Systematic four-port analysis and mathematical derivations are presented to prove the validity of the method. Detailed comparisons between the traditional "open-short" method and this new four-port method were performed using measurements and calibrated simulations of state-of-the-art SiGe HBTs. The results clearly demonstrate that this method is more accurate than the industry-standard "open-short" method. Based on HP-ADS simulations using calibrated SiGe HBT models, one can correctly extract -parameters and noise characteristics at least to 100 GHz, and this new four-port method should also prove useful for extracting package parasitics in complex systems.
APPENDIX A. TWO-PORT NOISE CHARACTERISTICS AND CORRELATION MATRIX
The minimum noise figure , noise impedance , optimum noise admittance , and noise current correlation can be related by [13] 
